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Abstract 

A measurement of J/i!(j) decay parameters, including the CP-violating weak phase <j)s and 
the decay width difference Ar^ is reported, using 4.9 fb~^ of integrated luminosity collected in 2011 
by the ATLAS detector from LHC pp collisions at a centre-of-mass energy ^/s = 7 TeV. The mean 
decay width and the transversity amplitudes |Ao(0)p and |^||(0)p are also measured. The values 
reported for these parameters are: 

= 0.22 ± 0.41 (stat.) ± 0.10 (syst.) rad 

Ar^ = 0.053 ± 0.021 (stat.) ± 0.008 (syst.) ps"^ 

= 0.677 ± 0.007 (stat.) ± 0.004 (syst.) ps"^ 

|Ao(0)p = 0.528 ± 0.006 (stat.) ± 0.009 (syst.) 

1^11 (0)p = 0.220 ± 0.008 (stat.) ± 0.007 (syst.) 



where the values quoted for <ps and AT^ correspond to the solution compatible with the external 
measurements to which the strong phase 6± is constrained and where AT^ is constrained to be 
positive. The fraction of S'-wave KK or /o contamination through the decays 5° J /ipK'^K~{fQ) is 
measured as well and is found to be consistent with zero. Results for (ps and AF^ are also presented 
as 68%, 90% and 95% likelihood contours, which show agreement with Standard Model expectations. 
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Abstract: A measurement of B'^ — t- J/ip(j) decay parameters, including the CP-violating 
weak phase (ps and the decay width difference AFg is reported, using 4.9 fb~^ of integrated 
luminosity collected in 2011 by the ATLAS detector from LHC pp collisions at a centre- 
of-mass energy y/s = 7 TeV. The mean decay width Ts and the transversity amplitudes 
|ylo(0)P and |A||(0)p are also measured. The values reported for these parameters are: 

cps = 0.22 ± 0.41 (stat.) ± 0.10 (syst.) rad 

ATs = 0.053 ± 0.021 (stat.) ± 0.008 (syst.) ps"^ 

= 0.677 ± 0.007 (stat.) ± 0.004 (syst.) ps~^ 

|^o(0)|2 = 0.528 ± 0.006 (stat.) ± 0.009 (syst.) 

|^ll(0)p = 0.220 ± 0.008 (stat.) ± 0.007 (syst.) 



where the values quoted for (j)s and AT^ correspond to the solution compatible with the 
external measurements to which the strong phase 6± is constrained and where AF^ is 
constrained to be positive. The fraction of 5-wave KK or /o contamination through the 
decays — )• J/'ijjK~^K~{fo) is measured as well and is found to be consistent with zero. 
Results for cpg and AF^ are also presented as 68%, 90% and 95% likelihood contours, which 
show agreement with Standard Model expectations. 
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1 Introduction 

New phenomena beyond the predictions of the Standard Model (SM) may alter CP viola- 
tion in i3-decays. A channel that is expected to be sensitive to new physics contributions 
is the decay B'^ — )• J/ip(p. CP violation in the B^ — )■ J/ip4> decay occurs due to interference 
between direct decays and decays occurring through 5° - ^0 mixing. The oscillation fre- 
quency of -Bg meson mixing is characterized by the mass difference Am^ of the heavy {Bh) 
and light {Bl) mass eigenstates and by the CP- violating phase (ps- In the absence oi CP 
violation, the Bh state would correspond exactly to the CP-odd state and the Bl to the 
CP-even state. In the SM the phase (j)s is small and can be related to CKM quark mixing 
matrix elements via the relation (j)s ^ —2/3^, with f5s = aig[—{VtsV^^) / iVcsV *},)]'■, a value of 
(j)s — —"^(^s = —0.0368 lb 0.0018 rad [1] is predicted in the SM. Many new physics mod- 
els predict large (ps values whilst satisfying all existing constraints, including the precisely 
measured value of Am^ [2, 3]. 
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Another physical quantity involved in — mixing is the width difference AT^ = 
Ti—Th of Bl and Bh- Physics beyond the SM is not expected to affect AF^ as significantly 
as (j)s [4] . Extracting AF^ from data is nevertheless useful as it allows theoretical predictions 
to be tested [4]. 

The decay of the pseudoscalar B^ to the vector- vector final-state J/ipfp results in an 
admixture of CP-odd and CP-even states, with orbital angular momentum L = 0, 1 or 
2. The final states with orbital angular momentum L = or 2 are CP-even while the 
state with L = 1 is CP-odd. No flavour tagging to distinguish between the initial P^ and 
B^ states is used in this analysis; the CP states are separated statistically through the 
time-dependence of the decay and angular correlations amongst the final-state particles. 

In this paper, measurements of (ps, the average decay width Ts = {Tl + Th)/'^ and 
the value of ATg, using the fully reconstructed decay B^ — )• J/ip{n~^ ij-~)(I){K^ K~) are 
presented. Previous measurements of these quantities have been reported by the CDF 
and D0 collaborations [5, 6] and recently by the LHCb collaboration [7]. The analysis 
presented here uses data collected by the ATLAS detector from LHC pp collisions running at 
^/s = 7 TeV in 2011, corresponding to an integrated luminosity of approximately 4.9 fb^^. 

2 ATLAS detector and Monte Carlo simulation 

The ATLAS experiment [8] is a multipurpose particle physics detector with a forward- 
backward symmetric cylindrical geometry and near 47r coverage in solid angle. The inner 
tracking detector (ID) consists of a silicon pixel detector, a silicon microstrip detector and 
a transition radiation tracker. The ID is surrounded by a thin superconducting solenoid 
providing a 2 T axial magnetic field, and by high-granularity liquid-argon (LAr) sampling 
electromagnetic calorimeter. An iron/scintillator tile calorimeter provides hadronic cov- 
erage in the central rapidity range. The end-cap and forward regions are instrumented 
with LAr calorimeters for both electromagnetic and hadronic measurements. The muon 
spectrometer (MS) surrounds the calorimeters and consists of three large superconducting 
toroids with eight coils each, a system of tracking chambers, and detectors for triggering. 

The muon and tracking systems are of particular importance in the reconstruction of 
B meson candidates. Only data where both systems were operating correctly and where 
the LHC beams were declared to be stable are used. The data were collected during a 
period of rising instantaneous luminosity at the LHC, and the trigger conditions varied 
over this time. 

The triggers used to select events for this analysis are based on identification of a 
J/^ — )• decay, with either a 4 GeV transverse momentum* (px) threshold for each 

muon or an asymmetric configuration that applies a higher threshold (4 — 10 GeV) to 
one of the muons and a looser muon-identification requirement (px threshold below 4 GeV) 
to the second one. 

Monte Carlo (MC) simulation is used to study the detector response, estimate back- 
grounds and model systematic effects. For this study, 12 million MC-simulated P^ — )■ J/i^xp 

*The ATLAS coordinate system and the definition of transverse momentum are described in reference [8] 
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events were generated using PYTHIA [9] tuned with recent ATLAS data [10]. No cuts 
were applied at the generator level. Detector response for these events were simulated using 
an ATLAS simulation package based on GEANT4 [11, 12]. In order to take into account the 
varying trigger configurations during data-taking, the MC events were weighted to have 
the same trigger composition as the collected collision data. Additional samples of the 
background decay — )■ J/ipK^* as well as the more general bb — )• J/ipX and pp — )■ J/il^X 
backgrounds were also simulated using PYTHIA. 

3 Reconstruction and candidate selection 

Events passing the trigger and the data quality selections described in section 2 are required 
to pass the following additional criteria: the event must contain at least one reconstructed 
primary vertex built from at least four ID tracks in order to be considered in the subsequent 
analysis; the event must contain at least one pair of oppositely charged muon candidates 
that are reconstructed using two algorithms that combine the information from the MS and 
the ID [13]. In this analysis the muon track parameters are taken from the ID measurement 
alone, since the precision of the measured track parameters for muons in the range of 
interest for this analysis is dominated by the ID track reconstruction. The pairs of muon 
tracks are refitted to a common vertex and accepted for further consideration if the fit 
results in x^/d.o.f. < 10. The invariant mass of the muon pair is calculated from the 
refitted track parameters. To account for varying mass resolution, the J/ip candidates are 
divided into three subsets according to the pseudorapidity r] of the muons. A maximum 
likelihood fit is used to extract the J/ip mass and the corresponding resolution for these 
three subsets. When both muons have \r]\ < 1.05, the di-muon invariant mass must fall 
in the range (2959 — 3229) MeV to be accepted as a J/ip candidate. When one muon 
has 1.05 < \r]\ < 2.5 and the other muon \r]\ < 1.05, the corresponding signal region is 
(2913 — 3273) MeV. For the third subset, where both muons have 1.05 < \r]\ < 2.5, the 
signal region is (2852 — 3332) MeV. In each case the signal region is defined so as to retain 
99.8% of the J/ip candidates identified in the fits. 

The candidates for (p — )• K^K~ are reconstructed from all pairs of oppositely charged 
tracks with px > 0.5 GeV and |r/| < 2.5 that are not identified as muons. Candidates 
for —7- J/ip(fi'^ fi~)(j){K^ K~) are sought by fitting the tracks for each combination of 
J/ip — )• /^^/i^ and (j) — )• K~^K~ to a common vertex. All four tracks are required to have 
at least one hit in the pixel detector and at least four hits in the silicon strip detector. The 
fit is further constrained by fixing the invariant mass calculated from the two muon tracks 
to the world average J/ V' mass [14] . These quadruplets of tracks are accepted for further 
analysis if the vertex fit has a x^/d.o.f. < 3, the fitted px of each track from (p — )• K~^K~ 
is greater than 1 GeV and the invariant mass of the track pairs (under the assumption that 
they are kaons) falls within the interval 1008.5 MeV < m{K+K^) < 1030.5 MeV. In total 
131k i?g candidates are collected within a mass range of 5.15 < m[B^) < 5.65 GeV used 
in the fit. 
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For each meson candidate the proper decay time t is determined by the expression: 

cPTb 

where is the reconstructed transverse momentum of the meson candidate and Mg 
denotes the world average mass value [14] of the B^ meson (5366.3 MeV). The transverse 
decay length Lxy is the displacement in the transverse plane of the Bg meson decay vertex 
with respect to the primary vertex, projected onto the direction of B'^ transverse momen- 
tum. The position of the primary vertex used to calculate this quantity is [14] refitted 
following the removal of the tracks used to reconstruct the B^ meson candidate. 

For the selected events the average number of pileup interactions is 5.6, necessitating 
a choice of the best candidate for the primary vertex at which the B'^ meson is produced. 
The variable used is a three-dimensional impact parameter cIq, which is calculated as the 
distance between the line extrapolated from the reconstructed B^ meson vertex in the di- 
rection of the Bg momentum, and each primary vertex candidate. The chosen primary 
vertex is the one with the smallest do. Using MC simulation it is shown that the fraction 
of Bg candidates which are assigned the wrong primary vertex is less than 1% and that the 
corresponding effect on the final results is negligible. No B'^ meson lifetime cut is applied 
in the analysis. 

4 Maximum likelihood fit 

An unbinned maximum likelihood fit is performed on the selected events to extract the 
parameters of the B^ — )• J / iJL~)(j){K~^ K~) decay. The fit uses information about the 
reconstructed mass m, the measured proper decay time t, the measured mass and proper 
decay time uncertainties Um and fit, and the transversity angles (collectively labelled f2) of 
each i?g — decay candidate. 

The likelihood function is defined as a combination of the signal and background 
probability density functions as follows: 

N 

In £ = ^{-Wj • ln(/s • Fs{mi,ti,VLi) + /s • /^o • J^Bo{m,ti,^i) 
1=1 

+ (1 - /s • (1 + /Bo))J-bkg(m„ti,a))} + lnP{6±) 

(4.1) 

where is the number of selected candidates, fs is the fraction of signal candidates, f^o is 
the fraction of peaking B^ meson background events (described in section 4.2) calculated 
relative to the number of signal events; this parameter is fixed in the likelihood fit. The 
mass rrii, the proper decay time t,, and the decay angles are the values measured from 
the data for each event i. Tg, J^bo and Thkg ai'e the probability density functions (PDF) 
modelling the signal, the specific B^ background and the other background distributions, 
respectively. A detailed description of the PDF functions and other terms in the equation 
4.1 is given in sections 4.1 — 4.5. 
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4.1 Signal PDF 

The PDF describing the signal events, J-g, has the form of a product of PDFs for each 
quantity measured from the data: 



Ts{m,, t,, Qi) = Ps{mi\cr.m,) ■ Ps{(7mi) ■ Ps{^i,ti\at^) ■ Ps{crt,) ■ A{Q.i,pTi) ■ Ps{pTi) 



(4.2) 



The terms Ps{mi\am.^), Ps{^li,ti\atJ and A{^li,pTi) are explained in the current section, and 
the remaining per-candidate uncertainty terms Ps{(7mi), Ps{(^ti) and Ps{pTi) are described 
in section 4.4. Ignoring detector effects, the joint distribution for the decay time t and the 
transversity angles $7 for the — )• J/ip(fi~^ fi~)(j){K'^ K~) decay is given by the differential 
decay rate [15]: 



functions, given in table 1. The time-dependent amplitudes are slightly different for decays 
of mesons that were initially B^. As an untagged analysis is performed here, all B^ meson 
candidates are assumed to have had an equal chance of initially being either a particle or 
anti-particle. This leads to a significant simplification of the time-dependent amplitudes as 
any terms involving the mass splitting Am^ cancel out. These simplified time-dependent 
amplitudes are given in table 1. A±{t) describes a CP-odd final-state configuration while 
both Ao(t) and ^||(i) correspond to CP-even final-state configurations. The equations 
are normalised such that the squares of the amplitudes sum to unity; three of the four 
amplitudes are fit parameters and |^x(0)p is determined according to this constraint. 

The angles {6t, V^t), are defined in the rest frames of the final-state particles. The 
X-axis is determined by the direction of the 4> meson in the J/ip rest frame, the K~^K~ 
system defines the xy plane, where py{K~^) > 0. The three angles are defined: 

• 9, the angle between p{fJ,~^) and the xy plane, in the J ftp meson rest frame 

• the angle between the rr-axis and Pxyif^^), the projection of the n'^ momentum in 
the xy plane, in the J/V' meson rest frame 

• the angle between p{K~^) and —p{J/Tp) in the (f) meson rest frame 

The contribution of CP-odd Bg — ^ J/tpK'^ (/q), where the non-resonant KK or /o 
meson is an S-wave state, is included with four additional terms, given in the last four lines 
of table 1 (A:=7-10). These follow the convention used by the LHCb ref. [7]. The 5- wave 
amplitude squared [^^(O)^ gives the fraction of B^ — )• J /il)K~^ K~ {fo) and has a related 
strong phase 5s- The likelihood is independent of the invariant KK mass distribution. 

It can be seen from table 1, that in the untagged analysis used in this study the 
time-dependent amplitudes depending on 5_\_ {0^^\t),k = 5,6) are multiplied by sin(/>s. 
Previous measurement by LHCb ref. [7] showed that (pg is close to zero (0.15 it 0.18 it 0.06). 
For such a small value of (f)s the untagged analysis is not sensitive to A Gaussian 




(4.3) 



k=l 



where 0^^\t) are the time-dependent amplitudes and g^^\9T , ipT , ^t) are the angular 
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g'^''^0T,1pT,fT) 



(l + cos0s)e '* + (1 — cos0s) e 
(1 + cos 



1 
2 

3 

4 

5 
6 
7 

8 
9 

10 



(1 — cos 
|Ao(0)p;,(0)|cos<5|| 



S(j>s)e '"l '* + (1 — cos(/)s) e ^h'* 



(f)s) e^^L** + (1 + cos e-^n'* 



1 TT t 



(1 + cos0s)e"^L't + (1 - 

* — e~'"L cos((5_L — sin0s 



i|A)|(0)||A^(0)|(e-i^J^'*-e-i^^''*) 
-i|Ao(0)P^(0)|(e-rL='*-e-rJ.=' 

(1 + cos 



i|As(0)|2 (1-COS0,) 

(e 



COS 0s) e '"h 
'* COS d± sin 



e ^ H ^ 



-i|As(0)|Usi(0)| (e-rH'*-e-rl,^'*)sin(<5|| -<S5)sin</), 
i|As(0)||A^(0)|^^^ 
(1 - cos 0s) g-^l'* + (1 

~l|v4o(0)Ps(0)|sinMs: 



. + COS 0s) e '"h 
2 ^ H ' — e 



sin((5_L - Ss) 



^ T. I sin0s 



2 cos^ ipri^ ~ sin^ 6't cos^ (pr) 
sin^ V'tCI ^ sin^ 9t sin^ (/s^) 
sin'^ i/jt sin^ 6t 

sin 2-0T sin^ 6t sin 2(pT 

sin^ tpT sin 20^ sin 

sin 2-0'T sin 20^ cos (pr 
1(1- sin^ 6't cos^ tpr) 
^ -s/G sin sin^ 6t sin 2 (/s^ 
^ -\/6 sin -0T sin 29t cos 

4-\/3cos?/'T (l — sin^ 9t cos^ i^st) 



Table 1. Table showing the ten time-dependent amphtudes, O^^'^t) and the functions of the 
transversity angles g'-'^') {9t , ipT , fr) ■ The amplitudes |Ao(0)P and |A||(0)p are for the CP-even 
components of the B*^ — > J/'4'4> decay. |A(0)j_p is the CP-odd amplitude. They have corresponding 
strong phases Sq, and S±; by convention Sq is set to be zero. The S'-wave amplitude |yl5(0)p 
gives the fraction of — > J/'ipK^K^ (fo) and has a related strong phase Ss- 



constraint to the best measured value, 6± = (2.95 ± 0.39) rad [7], is therefore applied by 
adding a Gaussian function term P{6±) into the likelihood fit. 

The signal PDF, Ps{^i, ti\crt^) must take into account the time resolution and thus each 
time-dependent element in table 1 is convoluted with a Gaussian function. This convolution 
is performed numerically on an event-by-event basis where the width of the Gaussian is 
the proper decay time uncertainty at^, multiplied by an overall scale factor to account for 
any mis- measurements. 

The angular sculpting of the detector and kinematic cuts on the angular distributions 
is included in the likelihood function through A{Qi, p^i). This is calculated using a four- 
dimensional binned acceptance method, applying an event-by-event efficiency according to 
the transversity angles {9t,iPt,^t) and the pT of the B^. The acceptance was calculated 
from the B'^ — )• J/Tp(j) MC events. In the likelihood function, the acceptance is treated as 
an angular sculpting PDF, which is multiplied by the time- and angular-dependent PDF 
describing the B^ — )• J/ip{n~^ n~)(j){K^ K~) decays. Consequently, the complete angular 
function must be normalised as a whole as both the acceptance and the time-angular decay 
PDFs depend on the transversity angles. This normalisation is performed numerically in 
the likelihood fit. 

The signal mass PDF, Ps(mj), is modelled as a single Gaussian function smeared 
with an event-by-event mass resolution arm, figure 1, which is scaled using a factor 
to account for mis-estimation of the mass errors. The PDF is normalised over the range 
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5.15 < m{B^) < 5.65 GeV. 




Figure 1. Left: mass uncertainty distribution for data, the fits to the background and the signal 
fractions and the sum of the two fits. Right: proper decay time uncertainty distribution for data, 
the fits to the background and the signal fractions and the sum of the two fits. 



4.2 Specific B" background 

The i?^ —7- J/tlj{fi'^ ^~)(j){K'^K^) sample is contaminated with mis-reconstructed — )• 
J/tpK* and — > J/tpK~^7r~ (non-resonant) decays, where the final-state pion is mis- 
identified as a kaon. The two backgrounds are referred to as B^ reflections, since the 
B^ is reconstructed as a B'^ meson and therefore lies within the B^ meson mass window 
rather than in the usual B^ mass range. The fractions of these components are fixed 
in the likelihood fit to values (6.5 it 2.4)% and (4.5 it 2.8)% respectively. These values 
are calculated from the relative production fractions of the Bg and B^ mesons and their 
decay probabilities taken from the PDG values [14] and from their selection efficiencies, 
which are determined from MC events. The corresponding uncertainties are dominated by 
uncertainties in the decay probabilities. 

Mis-reconstructed B^ decays are treated as part of the background and are described 
by dedicated PDFs of the form: 

■ Pbo (Ot) ■ Pb^^ {^t) ■ Pro (V't) • Psi^Ju) ■ Ps{PT^) (4.4) 

The mass is described by the PBo(mi) term in the form of a Landau function due to 
the distortion caused by the incorrect mass assignment. The decay time is described in 
the term Pgo(ii|(Tt.) by an exponential smeared with event-by-event Gaussian errors. The 
transversity angles are described using the same functions as the other backgrounds but 
with different values for the parameters obtained from the fit to MC data. The terms 
-fs(o"mJ) -fs(o'ti) and Ps{pTi) are described in section 4.4. All the PDFs describing these 
B^ reflections have fixed shapes determined from the MC studies. 
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4.3 Background PDF 

The background PDF has the following composition: 

J^kkgim, ti, Hi) = Ph{mi) ■ Pb(o-mJ • Ph{ti\(7tJ 

■ PhiOr) ■ P^{^t) ■ Pbii^r) ■ PbK) • Ph{PT^) (4.5) 

The proper decay time function is parameterised as a prompt peak modelled by a 

Gaussian distribution, two positive exponentials and a negative exponential. This function 
is smeared with the same resolution function as the signal decay time-dependence. The 
prompt peak models the combinatorial background events, which are expected to have 
reconstructed lifetime distributed around zero. The two positive exponentials represent a 
fraction of longer-lived backgrounds with non- prompt J ftp, combined with hadrons from 
the primary vertex or from a B/D hadron in the same event. The negative exponential 
takes into account events with poor vertex resolution. 

The shape of the background angular distributions, Pi^{9t), Phi^r), and Phitpr) arise 
primarily from detector and kinematic sculpting. These are described by the following 
empirically determined functions: 

ao — ai cos^(^T') + «2 cos'^(^t') 

2oo -2ai/3-F 202/5 
1 -I- 61 cos(2(^T -I- 60) 
2^ 

Co -I- ci cos^(V't) 
2co + 2ci/3 



/(cos^t) = 
fifr) = 
/(cosV't) = 



They are initially fitted to data from the mass sidebands only, to find reasonable 
starting values for ao,i,2! &o,i and co,i, then allowed to float freely in the full likelihood fit. 
The Bg mass sidebands, (5.150 — 5.317) GeV and (5.417 — 5.65) GeV, are defined to retain 
0.02% of signal events identified in the fit. The background mass model, Pb{m) is a linear 
function. 

4.4 Time and mass uncertainties of signal and background 

The event-by-event proper decay time and mass uncertainty distributions differ significantly 
for signal and background, as shown in figure 1. The background PDFs cannot be factorized 
and it is necessary to include another PDF terms describing the error distributions in the 
likelihood function to avoid significant biases [16]. 

The signal and background time and mass error distributions are described with 
Gamma functions: 

^s,b(-.MJ = '\a.,L^ (4-6) 

K,h r(«s,b + 1) 

where Cg^b and 63, b are constants fitted from (b) sideband and (s) sideband-subtracted signal 
and fixed in the likelihood fit. Since Ps,h{crt{m)i) depend on transverse momentum of the 
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meson, they were determined in six selected pT bins, the choice of which is reflecting 
the natural pT dependence of the detector resolution. 

The same treatment is used for 5^ signal and background, by introducing additio- 
nal terms Ps{pTi) and Ph{pTi) into the PDF. These are described using the same functions 
as Ps,b(o"t(m)J but with different values for the parameters obtained from the fit to sideband 
and sideband-subtracted signal p^ distributions. 

4.5 Muon trigger time-dependent efficiency 

It has been observed that the muon trigger biases the transverse impact parameter of 
muons toward smaller values. The trigger selection efficiency was measured in data and 
MC simulation using a tag-and-probe method [17]. To account for this efficiency in the fit, 
the events are re- weighted by a factor w: 

where the Tging is a single lifetime measured before the correction, using unbinned mass- 
lifetime maximum likelihood fit. The factor e = 0.013 it 0.004 ps is determined using MC 
events by comparing the B^ lifetime of an unbiased sample with the lifetime obtained after 
including the dependence of the trigger efficiency on the muon transverse impact parameter 
as measured from the data. The difference of the two lifetimes determines the value of e. 
The uncertainty 0.004 ps, which reflects the precision of the tag-and-probe method, is used 
to assign a systematic error due to this time efficiency correction. 

5 Systematic uncertainties 

Systematic uncertainties are assigned by considering several effects that are not accounted 
for in the likelihood fit. These are described below. 

• Inner Detector Alignment: Residual misalignments of the ID affect the impact 
parameter distribution with respect to the primary vertex. The effect of this residual 
misalignment on the measurement is estimated using events simulated with perfect 
and distorted ID geometries. The distorted geometry is produced by moving detector 
components to match the observed small shifts in data. The observable of interest is 
the impact parameter distribution with respect to the primary vertex as a function 
of T] and (j). The mean value of this impact parameter distribution for a perfectly 
aligned detector is expected to be zero and in data a maximum deviation of less than 
10 (J.m is observed. The difference between the measurement using simulated events 
reconstructed with a perfect geometry compared to the distorted geometry is used 
to assess the systematic uncertainty. 

• Angular acceptance method: The angular acceptance is calculated from a binned 
fit to MC data. The three-dimensional acceptance map is limited by the available MC 
statistics and the errors connected with this are included in the statistical uncertainty 
of the fit. As a cross-check, the acceptance functions were varied by using different 
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(4.7) 



bin widths and central values. The fit results were consistent with the default fit 
within the statistical errors. 

• Trigger efficiency: To correct for the trigger lifetime bias the events are re-weighted 
according to equation 4.7. The uncertainty in the parameter e is used to estimate 
the systematic uncertainty due to the time efficiency correction. 

• Fit model: 

Pseudo-experiments are used to estimate the size of the systematic uncertainties 
caused by the assumptions made for the signal and background mass model, resolu- 
tion model, background lifetime and background angles model. Sets of 1000 pseudo- 
experiments each are generated with one parameter of the assumed model (e.g. the 
mass distribution of the background events) being varied. These pseudo-experiments 
are then fitted with the default fit model used to obtain the main result. The sys- 
tematic error quoted for each model variation is determined by taking the difference 
between the result from the fit using pseudo-experiment generated with the default 
model and the result using the pseudo-experiments produced with the altered model. 
The following variations of model parameters are considered to evaluate the system- 
atic uncertainty: 

— The signal mass distribution is generated using a sum of two Gaussian functions. 
Their relative fractions and widths are determined from a likelihood fit to data. 
In the PDF for this fit, the mass of each event is modelled by two different 
Gaussians with widths equal to products of the scale factors multiplied by a 
per-candidate mass error. 

~ The background mass is generated from an exponential function. The default 
fit uses a linear model for the mass of background events. 

— Two different scale factors instead of one are used to generate the lifetime un- 
certainty. 

— The values used for the background lifetime are generated by sampling data 
from the mass sidebands. The default fit uses a set of functions to describe the 
background lifetime. 

— Pseudo-experiments are performed using two methods of generating the back- 
ground angles. The default method uses a set of functions describing the back- 
ground angles of data without taking correlations between the angles into ac- 
count. In the alternative fit the background angles are generated using a three 
dimensional histogram of the sideband-data angles. 

• contribution: Contamination from — t- J/ipK*^ and — t- J/iI)K-k events 
mis-reconstructed as B^ — t- J/ip(p ^-re accounted for in the default fit; the fractions 
of these contributions are fixed to values estimated from selection efficiencies in MC 
simulation and decay probabilities from ref. [14]. To estimate the systematic uncer- 
tainty arising from the precision of the fraction estimates, the data are fitted with 
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these fractions increased and decreased by la. The largest shift in the fitted values 
from the default case is taken as the systematic uncertainty for each parameter of 
interest. 

The systematic uncertainties are summarized in table 4. For each variable, the total sys- 
tematic error is obtained by adding the various contributions in quadrature. 

6 Results 

The full maximum likelihood fit contains 26 free parameters. This includes the eight physics 
parameters: AF^, (ps, F^, |^o(0)P, |^||(0)p, (5||, |A5'(0)p and 6s, and strong phase 6± 
constrained by external data. The other free parameters in the likelihood function are the 
B'^ signal fraction /s, the parameters describing the J/ipcj) mass distribution, the parameters 
describing the meson decay time and the angular distributions of background events, 
the parameters used to describe the estimated decay time uncertainty distributions for 
signal and background events, and the scale factors between the estimated decay-time and 
mass uncertainties and their true uncertainties, see equation 4.6. 

As discussed in section 4. 1 , the strong phase 5± is constrained to the value measured in 
ref. [7] , as the fit in the absence of flavour tagging is not sufficiently sensitive to this value. 
The second strong phase, is fitted very close to its symmetry point at vr. Pull studies, 
based on pseudo-experiments using input values determined from the fit to data, return a 
non-Gaussian pull distribution for this parameter. For this reason the result for the strong 
phase 5|| is given in the form of a la confidence interval [3.04,3.24] rad. The strong phase 
of the 5-wave component is fitted relative to 6±, as 5± — 5s = (0.03 ± 0.13) rad. 

The number of signal Bg meson candidates extracted from the fit is 22690 ± 160. The 
results and correlations for the measured physics parameters of the unbinned maximum 
likelihood fit are given in tables 2 and 3. Fit projections of the mass, proper decay time 
and angles are given in figures 2, 3 and 4 respectively. 



Parameter 


Value 


Statistical 


Systematic 






uncertainty 


uncertainty 


^s(rad) 


0.22 


0.41 


0.10 


AF,(ps-i) 


0.053 


0.021 


0.008 


r.(ps-i) 


0.677 


0.007 


0.004 


\Ao{or 


0.528 


0.006 


0.009 


l^||(0)P 


0.220 


0.008 


0.007 


\Asm' 


0.02 


0.02 


0.02 



Table 2. Fitted values for the physics parameters along with their statistical and systematic 
uncertainties. 
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Table 3. Correlations between the physics parameters. 



Systematic Uncertainty 


0s(rad) 


Ar,(ps-i) 


rs(ps-i) 


l^||(0)P 


l^o(0)P 




Inner Detector alignment 


0.04 


< 0.001 


0.001 


< 0.001 


< 0.001 


< 0.01 


Trigger efficiency 


< 0.01 


< 0.001 


0.002 


< 0.001 


< 0.001 


< 0.01 


Signal mass model 


0.02 


0.002 


< 0.001 


< 0.001 


< 0.001 


< 0.01 


Background mass model 


0.03 


0.001 


< 0.001 


0.001 


< 0.001 


< 0.01 


Resolution model 


0.05 


< 0.001 


0.001 


< 0.001 


< 0.001 


< 0.01 


Background lifetime model 


0.02 


0.002 


< 0.001 


< 0.001 


< 0.001 


< 0.01 


Background angles model 


0.05 


0.007 


0.003 


0.007 


0.008 


0.02 


contribution 


0.05 


< 0.001 


< 0.001 


< 0.001 


0.005 


< 0.01 


Total 


0.10 


0.008 


0.004 


0.007 


0.009 


0.02 



Table 4. Summary of systematic uncertainties assigned to parameters of interest. 

7 Symmetries of the likelihood function and two-dimensional hkelihood 
contours 

The PDF describing the i?^ — )• J/tp4> decay is invariant under the following simultaneous 
transformations: 

{(t>s,^Ts,S±,6\\,6s} {tt - (ps, -Ars,7r - 6±, -6\i,-6s}. 

In the absence of initial state flavour tagging the PDF is also invariant under 

{0„ AF,, 6±, 5|| , ds} ^ {-0s, AF,, ^ - 6±, -6\\ , -6s} (7.1) 

leading to a fourfold ambiguity. The two-dimensional likelihood contours in the (ps — 
ATs plane are calculated allowing all parameters to vary within their physical ranges. 
As discussed in section 6, the value for the Gaussian constraint on 6± is taken from the 
LHCb measurement [7]. That paper quotes only two solutions with a positive (ps and two 
ATg values symmetric around zero, by using initial state flavour tagging to eliminate the 
symmetry defined in equation 7.1. Due to the accurate local determination of (ps and AF^ 
in both this measurement and in the LHCb measurement [7] , the other two solutions seen in 
the ATLAS analysis are not compatible with the observations of the two experiments. As 
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Figure 2. Mass fit projection for the The pull distribution at the bottom shows the difference 
between the data and fit value normalised to the data uncertainty. 



such, two of the four minima fitted in the present non-flavour tagged analysis are excluded 
from the results presented here. Additionally a solution with negative AF^ is excluded 
following the LHCb measurement [18] which determines the AF^ to be positive. Therefore, 
the two-dimensional contour plot for (j)s and AF^ has been computed only for the solution 
consistent with the previous measurements. The resulting contours for the 68%, 90% and 
95% confidence intervals are produced using a profile likelihood method and are shown in 
figure 5. The systematic errors are not included in figure 5 but as seen from table 2 they 
are small compared to the statistical errors. 

8 Conclusion 

A measurement of CP violation in — t- J /ip{^^ ii~)(f){K'^ K~) decays from a 4.9 fb~^ data 
sample oipp collisions collected with the ATLAS detector during the 2011 ^/s = 7 TeV run 
was presented. Several parameters describing the meson system are measured. These 
include the mean B^ lifetime, the decay width difference AF^ between the heavy and light 
mass eigenstates, the transversity amplitudes |^o(0)| and |A||(0)| and the CP-violating 
week phase (j)s- They are consistent with the world average values. 
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Figure 3. Proper decay time fit projection for tire S". Tire pull distribution at the bottom shows 
the difference between the data and fit value normalised to the data uncertainty. 



The measured values, for the minimum resulting from 6± constrained to the LHCb 
value of 2.95 ± 0.39 rad [7] and AF^ being constrained to be positive following LHCb 
measurement [18], are: 

<ps = 0.22 ± 0.41 (stat.) ± 0.10 (syst.) rad 
Ar^ = 0.053 ± 0.021 (stat.) ± 0.008 (syst.) ps~^ 
= 0.677 ± 0.007 (stat.) ± 0.004 (syst.) ps~^ 
|Ao(0)|2 = 0.528 ± 0.006 (stat.) ± 0.009 (syst.) 
|A||(0)p = 0.220 ± 0.008 (stat.) ± 0.007 (syst.) 



These values are consistent with theoretical expectations, in particular (pg is within la of 
the expected value in the Standard Model. A likelihood contour in the (j)s — plane 
is also provided for the minimum compatible with the LHCb measurements [7, 18]. The 
fraction of S-wave KK or /o contamination is measured to be consistent with zero, at 
|^5(0)|2 = 0.02 ±0.02. 
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Figure 4. Fit projections for transversity angles. (Left): i^t, (Right): cos9t, (Bottom): cos-i/'T 
for the events with i?" mass from signal region (5.317 - 5.417) GeV. 
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Figure 5. Likelihood contours in the (t>s — AFs plane. Three contours show the 68%, 90% and 
95% confidence intervals (statistical errors only). The green band is the theoretical prediction of 
mixing- induced CP violation. The PDF contains a fourfold ambiguity. Three minima are excluded 
by applying the constraints from the LHCb measurements [7, 18]. 
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J. Cantero^o, R. Cantril^^ L. Capassoi02a,i02b^ M.D.M. Capeans Garrido^^, I. Caprini^*''^, 
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F. Cerutti^^ S.A. Cetin^^b^ Chafaq^^S'^, D. Chakraborty^o^ I. Chalupkova^^e ^ 



-19- 



K. Chan^, P. Chang^'^^, B. Chapleau^^, J.D. Chapman^^, J.W. Chapman^^, 
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H. Chen^s, S. Chen^^^, X. Chen^^^ Y. Chen^^, A. Cheplakov^^, 
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C. Da Via^^^ W. Dabrowski^^, A. Dafincal^^ T. Dai^^ C. Dallapiccola*^^ , M. Dam^^, 
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C. Dionisi^32a,i32b^ p_ Dita26a, s. Dita^e^, F. Dittus^o, F. Djama^^^ T. Djobava^^'^, 
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S. Fazio37a'37b^ K. Febbraro^^, P. Federic^^^^, O.L. Fedm^^\ W. Fedorko8^ 
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M.J. Flowerdew'^^, T. Fonseca Martin^'^, A. Formica^^'^ , A. Forti^^, D. Fortin^^^'", 

D. Fournier"^ H. Fox'^\ P. Francavilla^^ M. Franchini^Oa.aob^ Franchino^^^^'^^^'', 
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C. Fukunaga^^^ E. Fullana Torregrosa^" , B.G. Fulsom^^^ J. Fuster^*'^, C. Gabaldon^°, 

O. Gabizon^^^ T. Gadfort^s, S. Gadomski^^ G. Gagliardi^^'^'^o^, P. Gagnon^^, 
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S.-C. Hsul^ D. Hu^s, Z. Hubaceki27^ F. Hubaut^s, F. Hueggmg^^, A. Huettmann''^ , 

T.B. Huffmanii'^, E.W. Hughes3^ G. Hughes^^ M. Huhtinen^o, M. Hurwitz^^ 

U. Husemann^^, N. Huseynov^^''^', J. Huston^^, J. Huth^^, G. lacobucci^^, G. lakovidis^'^, 
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V.M. Kotov^^, A. Kotwal^^, C. Kourkoumelis^ , V. Kouskoura^^"^, A. Koutsman^^^'^, 
R. Kowalewski^'^^ T.Z. Kowalski^^, W. Kozanecki^^e ^ ^ Kozhin^^s^ Kral^^?^ 

V.A. Kramarenko^^, G. Kramberger^^, M.W. Krasny^^, A. Krasznahorkay^''^ , 

J.K. Kraus^^, S. Kreiss^"^, F. Krejci^^"^, J. Kretzschmar^^ , N. Krieger^^, P. Krieger^^^, 

K. Kroeninger^^, H. Kroha^^, J. Kroll^^'^, J. Kroseberg^^, J. Kistic^^*^, U. Kruchonak^^, 

H. Kriiger^^ T. Kruker^^, N. Krumnack^^, Z.V. Krumshteyn^^, T. Kubota^^, S. Kuday^'", 

S. Kuehn^^ A. Kugel5S^ T. Kuhl^^ D. Kuhn^i, V. Kukhtin^^, Y. Kulchitsky^o, 

S. Kuleshov^^b^ q Kummer'^^, M. Kuna'^^, J. Kunkle^^o^ Kupco^^^, H. Kurashige^*^ , 

M. Kurata^6°, Y.A. Kurochkin^o, V. Kus^^s^ Kuwertz^^^ M. Kuze^^^ J. Kvita^^^ 

R. Kweel^ A. La Rosa^^ L. La Rotonda^^^-STb^ l_ Labarga^o, J. Labbe^ S. Lablak^^Sa^ 

C. Lacasta^^^, F. Lacavai32a,i32b^ jj. Lacker^^^ D. Lacour'^^, V.R. Lacuesta^^^, 

E. Ladygin^^, R. Lafaye^ B. Laforge^^ T. Lagouri^", S. Lai^^ E. Laisne5^ 
M. Lamanna^^, L. Lambourne^^, C.L. Lampen'', W. Lampl'', E. Lancon^^^, 

U. Landgraf^^ M.P.J. Landon■^^ J.L. Lane^^ V.S. Lang^^^, C. Lange^^^ A.J. Lankford^''^ 

F. Lanni^s, K. Lantzsch^^^ S. Laplace'^^, C. Lapoire2\ J.F. Laporte^3^ T. Lari^^'", 

A. Larner^-^^, M. Lassnig^'', P. Laurelli^'', V. Lavorini'^'^^'^''^, W. Lavrijsen^^, P. Laycock''^, 
O. Le Dortz"^*^, E. Le Guirriec^^, C. Le Maner^^^, E. Le Menedeu^^, T. LeCompte"^, 

F. Ledroit-GuillonSS, H. Lee^o^ J.S.H. Lee^l^ S.C. Lee^^\ L. Lee^7^ M. Lefebvre^^^ 
M. Legendre^^^, F. Legger^*^, C. Leggett^^, M. Lehmacher^^, G. Lehmann Miotto^'', 
X. Lei'', M.A.L. Leite^''*^, R. Leitner^^e^ Lellouch^'^^ ^ B_ Lemmer^^, V. Lender mann^^^, 
K.J.C. Leney^'^5'^, T. Lenz^os^ q Lenzen^'^^ B. Lenzi^o, K. Leonhardf^^, S. Leontsinis^o, 
F. Lepold^S'^, C. Leroy^^^ J-R. Lessard^^^ C.G. Lester^^, C.M. Lester^^o^ j_ Leveque^ 

D. Levin'^'^, L.J. Levinson^'^^ ^ a_ Lewis^^^, G.H. Lewis^°^, A.M. Leyko2\ M. Leyton^'^, 

B. Li'^^^ H. Lii^3,n^ U^3h,v^ ^ lj87^ 2. Liang^^^-"', H. Liao3^ B. Liberti^^^a^ 

P. Lichard^^, M. Lichtnecker^® , K. Lie^*^^, W. Liebig^^, C. Limbach^^ A. Limosani^*^ , 

M. Limper^^^ S.C. Lin^^^'^, F. Linde^°^ J.T. LinnemannS*^, E. Lipeles^^o^ Lipniacka^^, 

T.M. Liss^6^ D. Lissauer^s, A. Lister'*^ A.M. Litke^^?^ q j^^^^29^ ^ Lm^^\ H. Liu^^ 

J.B. Liu^^ L. Liu^^ M. Liu^^^, y. Liu^^b, M. Livani^^^'i^^'^, S.S.A. Livermore"^ 

A. Lleres^^, J. Llorente Merino^", S.L. Lloyd''^, E. Lobodzinska^^, P. Loch'^, 

W.S. Lockman^^T^ r|n_ Loddenkoetter^^, F.K. Loebinger^^^ Loginov^'^'^, C.W. Loh^'^s^ 

T. Lohse^^ K. Lohwasser^^, M. Lokajicek^^s, V.P. Lombardo^ R.E. Long'^^, L. Lopes^24a^ 

D. Lopez Mateos^^, J. Lorenz^^, N. Lorenzo Martinez^^^, M. Losada^^^, P. Loscutoff , 

F. Lo Sterzo^32a,i32b^ L^g^yiSQa,*^ X. Lou''\ A. Lounis^l^ K.F. Loureiro^^^ J. Love^ 
P.A. Love'^\ A.J. Lowel^3'^ F. Lu^^^, H.J. Lubatti^^s^ q Ludi32a,i32b^ ^_ Lucotte5^ 
A. Ludwig^^ D. Ludwig^^ L Ludwig''^ J. Ludwig^^ F. Luehring*^^, G. Luijckxl°^ 
W. Lukas^^, D. Lumb^^, L. Luminari^^^'^, E. Lund^^^, B. Lund-Jensen^^'', B. Lundberg^^, 
J. Lundberg^46a,i46b^ q. Lundberg^^^'^'^^^'^, J. Lundquist^^, M. Lungwitz^^^, D. Lynn^^, 

E. Lytken^s, H. Ma^^, L.L. Ma^'^^ G. Maccarrone''^ A. Macchiolo^^, B. Macek^^, 
J. Machado Miguens^24a^ ^ Mackeprang^^ , R.J. Madaras^^, H.J. Maddocks^^ 

W.F. Mader^^, R. Maenner^^^ T. Maeno^^, P. Mattig^^^ S. Mattig^^^, L. Magnoni^^s^ 
E. Magradze^'^, K. Mahboubi^*^, S. Mahmoud^^, G. Mahout^^, C. Maiani^^e^ 
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C. Maidantchik24a, A. Maioi^^a,^^ g. Majewski^s, Y. Makida^^, N. Makovec^i^ P. Mal^^e, 
B. Malaescu^o, Pa. Malecki^^, P. Malecki^s, V.P. Maleev^^i^ p. Malek^s, U. Mallik^^, 

D. Malon^, C. Malone^''^, S. Maltezosi°, V. Malyshev^o^ S. Malyukov^o, 

R. Mameghani^^, J. Mamuzic^^^, A. Manabe*^^, L. Mandelli^^'', I. Mandic''''' , 

R. Mandrysch^*^, J. Maneira^^'''', A. Manfredini'^^, P.S. Mangeard^^, 

L. Manhaes de Andrade Filho^^*^, J. A. Manjarres Ramos^^^, A. Mann^^, 

P.M. Manning^^^, A. Manousakis-Katsikakis'^ , B. Mansoulie^^^ , A. Mapelli^°, 

L. Mapelli^°, L. March^°, J.F. Marchand^^, F. Marchese^^^'"'^^^^, G. Marchiori"^^ , 

M. Marcisovsky^25^ Q p Marino^'^^ , F. Marroquim^^a, z. Marshall, F.K. Martens^^^, 

L.F. Marti^'^, S. Marti-Garcia^'^'^, B. Martin^o, B. Martin^^, J.P. Martin^^, T.A. Martin^^, 

V.J. Martin^'^, B. Martin dit Latour''^, S. Martin-Haughi^'^ , M. Martinez^^^ 

V. Martinez Outschoorn^'^, A.C. Martyniuk^*^^ , M. Marx^^^ p_ Marzano^^^a^ Marzin^i\ 

L. Masetti^^ T. Mashimo^^^, R. Mashinistov^^ , J. Masik^^, A.L. Maslennikov^"'^ , 

I. Massa^^'''^"^, G. Massaro^°^, N. Massol^, P. Mastrandrea^''^ , A. Mastroberardino^'^'"'^'^'', 

T. Masubuchi^^^, P. Matricon^^^, H. Matsunaga^^^ , T. Matsushita^*^ , C. Mattravers^^^'", 

J. Maurer^^, S.J. Maxfield^^, A. Mayne^^^, R. Mazini^^^ M. Mazur^^, 

L. Mazzaferroi33a,i33b^ Mazzanti^^'' , J. Mc Donald^^ S.P. Mc Kee^^ A. McCarn^''^ 

R.L. McCarthy^^^ T.G. McCarthy^^, N.A. McCubbin^^g^ j^.W. McFarlane^^'*, 

J.A. Mcfaydeni39, G. Mchedlidze^^^, T. Mclaughlani^ , S.J. McMahon^^g^ 

R.A. McPherson^^g.fc^ Meade^^, J. Mechnich^os^ Mechtell^^ M. Medinnis^^ 

R. Meera-Lebbai^i^ T. Meguro^^^, R. Mehdiyev^^^ Mehlhase^'^, A. Mehta^^, 

K. Meier^'^'", B. Meirose^^, C. Melachrinos3^ B.R. Mellado Garcia^^^, F. Meloni^^'^'^^^, 

L. Mendoza Navas^^^^ Z. Meng^^i.n^ Mengarelli^o^'^ob^ S. Menke^^ E. Meonii^i, 

K.M. Mercurio^^ P. Mermod^^ L. Merola^°2a,i02b^ q Meroni^^'^, F.S. Merritt3\ 

H. Merritt^°^ A. Messina^O'^, J. Metcalfe^^, A.S. Mete^^^, C. Meyer8\ C. Meyer^i, 

J-P. Meyer^^e, j. Meyer^7^ J. Meyer^^, T.G. Meyer^o, J. Miao^^d^ g_ MichaF, 

L. Micu^s^, R.P. Middleton^^g^ Migas^^ L. Mijovic^3^ G. Mikenberg^^^ 

M. Mikestikova^^s^ Mikuz'^^, D.W. Miller^^, R.J. Miller8^ W.J. Millsl^^ G. Mills^^ 

A. Milovi72^ D.A. Milstead^^'^^'i^'''^, D. Milstein^^^^^ A.A. Minaenko^^s^ Miiiano 

Moya^*^'^, LA. Minashvili'^^ , A.I. Mincer^o^, B. Mindur^^, M. Mineev^^, Y. Ming^^^, 

L.M. Miri2, G. Mirabellii32a^ j_ Mitrevskii37^ V.A. Mitsou^^^ S. Mitsui6^ 

P.S. Miyagawai39, J.U. Mjornmark'^9, T. Moai-^Sa.ueb^ Moeller^s, K. Monig^'^, 

N. Moser^^ S. Mohapatra^^^, W. Mohr^^, R. Moles- Valls^*^'^ , J. Monk'^'^, E. Monnier^^^ 

J. Montejo Berlingen^^^ p. Monticelli'''° , S. Monzani^^^'^*"^, R.W. Moore^, 

G.F. Moorhead^*^, G. Mora Herrera^'^, A. Moraes^^, N. Morange^^*^, J. Morel^^, 

G. Morello^^'"'^^^, D. Moreno^\ M. Moreno Llacer^"^^, P. Morettini^"'", M. Morgenstern^^ , 

M. Morii^'^, A.K. Morley^°, G. Mornacchi^^, J.D. Morris^^, L. Morvaj^°\ E.G. Moser^^, 

M. Mosidze^^^, J. Moss^°^ R. Mountl''^ E. Mountricha^O'^ S.V. Mouraviev^^'*, 

E. J.W. Moyse^^, F. Mueller^s^, J. Mueller^^s, K. Mueller^^, T.A. Muller^^, T. Mueller^i, 
D. Muenstermann^o, Y. Munwes^^^, W.J. Murray^^g^ j Mussche^°^, E. Musto^°2a,i02b^ 
A.G. Myagkovi28^ Myska^^s^ j_ Nadal^^, K. Nagai^^", R. Nagai^^?^ Nagano6^ 

A. Nagarkari°9, Y. Nagasaka^^, M. Nagel*^^, A.M. Nairz^o, Y. Nakahama^", 
K. Nakamura-^^^, T. Nakamura^^^ , I. Nakano^-^", G. Nanava^-^, A. Napier^^^, 
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R. Narayan^®*', M. Nash^^''=, T. Natter mann^i, T. Naumann''^, G. Navarro^'^^, 

H.A. Neal^^ P.Yu. Nechaeva^^, T.J. Neep^^^ A. Negriiis^'"^*^, G. Negrito, M. NegW'^, 

S. Nektarijevic^9, A. Nelson^ss, T.K. Nelson^^^ S. Nemecek^^s^ R Nemethyio^ 

A.A. Nepomuceno^'^'', M. Nessi^^'"", M.S. Neubauer^'^^, M. Neumann^'^^, A. Neusiedl^\ 

R.M. Neves^°^, P. Nevski^^, RR. Newman^^, V. Nguyen Thi Hong^^'^, R.B. Nickerson^^^, 

R. Nicolaidou^^^ , B. Nicquevert^° , F. Niedercorn^^^, J. Nielsen^^'^, N. Nikiforou^^, 

A. Nikiforov^^, V. Nikolaenko^^^ , I. Nikolic- Audit , K. Nikolics"^^, K. Nikolopoulos^^, 

H. Nilsen^^ P. Nilsson^ Y. Ninomiyal5^ A. Nisatii32a^ ^ Nisius^^, T. Nobe^^^ 

L. Nodulman^, M. Nomachi^^*^, I. Nomidis^^^, S. Norberg^", M. Nordberg^o, 

P.R. Nortoni29, J. Novakovai^e, M. Nozaki^s, L. Nozka"^, I.M. Nugent^^^'^, 

A. -E. Nuncio-Quiroz^^, G. Nunes Hanninger^^, T. Nunnemann^^ , E. Nurse''''', 

B. J. O'Brien^s^ S.W. O'Neale^^'*, D.C. O'Neil^^^ V. 0'Shea5^ L.B. Oakes9^ 
E.G. Oakham29''^, H. Oberlack^^, J. Ocariz^^^ A. Ochi^e, S. Oda^^, S. Odaka^^, 

J. OdierS^ H. Ogren^^, A. Oh^^ S.H. Oh^^ C.C. Ohm^o, T. Ohshima^°\ H. Okawa^^, 
Y. Okumura^S T. Okuyamal5^ A. Olariu^^^, A.G. Olchevski^^, S.A. Olivares Pino^^'^, 
M. 01iveira^24a,/i^ Qliveira Damazio^^, E. Oliver Garcia^^'^, D. Olivito^^o^ 
A. Olszewski's, J. Olszowska'^, A. Onofre^24a,afe^ P.U.E. Onyisi3\ C.J. Oram^^^'^, 
M.J. Oreglia'i, Y. Oren^^'^ D. Orestano^'^^'^'^^, N. Orlando^2a,72b^ j_ Orlov^O'^, 

C. Oropeza Barrera^', R.S. Orr^^^, B. Osculati^^*^'^"^, R. Ospanov^^", C. Osuna^^, 

G. Otero y Garzon^^, J.R Ottersbach^os, M. Ouchrifi'^d^ e.A. Ouellette^^^ 

E. Ould-Saada^^^, A. Ouraou^^'^, Q. Ouyang'^'", A. Ovcharova^^ , M. Owen^^^ g_ Qwen^^g^ 

V.E. Ozcan^S'', N. Ozturk^, A. Paclieco Pages^^, C. Padilla Aranda^^, S. Pagan Griso^^, 

E. Paganis^39^ q PahF, F. Paige^^, P. Pais8^ K. Pajchel^^^ G. Palacinoi^^'^, 

CP. Paleari^ S. Palestini^o, D. Pallin^^, A. Palma^24a^ j Palmer^^ Y.B. Pan^^^^ 

E. Panagiotopoulou^°, P. Pani^°^, N. Panikashvili^'^, S. Panitkin^^, D. Pantea^^*^, 

A. Papadelis^^^^, Th.D. Papadopoulou^", A. Paramonov^, D. Paredes Hernandez^^, 

W. Park25'«c, M.A. Parker^^, E. Parodi^^'^'^o'^, J.A. Parsons^^, U. ParzefalF, 

S. Pashapour^"', E. Pasqualucci^^^'', S. Passaggio^^'' , A. Passeri^^^*", E. Pastore^^^'^'^^^'''*, 

Er. Pastore^^, G. Pasztor^^.ad^ g_ Pataraial^^ N. Patel^^^, J.R. Pater^^ 

S. Patricelli^02a,i02b^ ^j. p^uiySO^ Pecsy^^^^, S. Pedraza Lopez^^^^ 

M.I. Pedraza Morales^'^^, S.V. Peleganchuk^°^ , D. Pelikan^'^e^ ^ Peng^^b^ g_ Penning^^ 

A. Penson^s, J. Penwell*'", M. Perantoni^^a, K. Perezes , T. Perez Cavalcanti'^^^ 

E. Perez Codina^^^^, M.T. Perez Garci'a-Estan^*^^, V. Perez Reale3^ L. Perini^^a.sgb^ 

H. Pernegger^*^ , R. Perrino''^^, P. Perrodo^, V.D. Peshekhonov^^ , K. Peters^*^, 

B. A. Petersen^", J. Petersen^", T.C. Petersen^^, E. Petit^ A. Petridis^^^, C. Petridou^^^, 
E. Petrolo^32a^ p_ pg^j.^pp-i34a,i34b^ Petschull''^ , M. Petteni^^^ R. Pezoa^^b^ Fhan^^, 
P.W. Phillips^29^ Q Piacquadio^o, A. Picazio^^, E. Piccaro^^ M. Piccinini^O'^'^ob ^ 

S.M. Piec^^ R. Piegaia^^, D.T. Pignotti^°s, J.E. Pilclier^^ A.D. Pilkington^^^ 
J. Pina^24a,b^ Pinamontii64a,i64c^ Pinder^is^ J.L. Pinfold^, B. Pinto^24a^ 

C. Pizio^S'^'SS'', M. Plamondoni^^ M.-A. Pleier^^, E. Plotnikova'^^ , A. Poblaguev^^, 
S. Poddar^s^, E. Podlyski^'', L. Poggiolil^^ D. PohP\ M. Robin's, G. Polesello^i^a^ 
A. Policicchio^^'^'^^'^ , A. Polini^"'^, J. PolF^, V. Polychronakos^^ , D. Pomeroy^^, 

K. Pommes^'^, L. Pontecorvo^^^'^ , B.G. Pope*^^, G.A. Popeneciu^^*^, D.S. Popovic^^'^, 
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A. PoppleWO, X. Portell Bueso^", G.E. Pospelov^^, S. Pospisil^^?^ Potrap^^, 

C. J. Potteries, C.T. Potter^^^, G. Poulard^o, J. Poveda^^, V. Pozdnyakov^^ , R. Prabhu'^^ 
P. Pralavorio^^ , A. Pranko^^, S. Prasad^°, R. Pravahan^^, S. Prell^^, K. Pretzl^'^, 

D. Price^o, J. Price'^^, L.E. Price'^, D. Prieur^^s^ Primavera^^'', K. Prokofiev^"®, 
F. Prokoshin'^^^, S. Protopopescu^^, J. Proudfoot^, X. Prudent''^, M. Przybycien^^, 

H. Przysiezniak^ , S. Psoroulas^^, E. Ptacek^^^, E. Pueschel^^, J. Purdham^^, 

M. Purohit^S''^^, P. Puzo^l^ Y. Pylypchenko^^^ J. Qian'^^ A. Quadt^"^, D.R. Quarrie^^ 
W.B. Quayle^^^^ F. Quinonez^^^, M. Raas^"^, V. Radescu^^^ P. Radloff^^^, T. Rador^^^, 
F. Ragusa89^'89b, q Rahal^■^^ A.M. Rahimiio^, D. Rahm^^, S. Rajagopalan^s, 
M. Rammensee^^ , M. Rammes^^^, A.S. Randle-Conde^'^, K. Randrianarivony^^ , 

F. Rauscher^s, T.C. Rave^^ M. Raymond^o, A.L. Read^^^ D.M. Rebuzzi^^^'^^b^ 
A. Redelbach^''^, G. Redlinger^^, R. Reece^^°, K. Reeves^^, E. Reinherz-Aronis^^'^, 

A. Reinsch^^^, I. Reisinger^^, C. Rembser^°, Z.L. Ren^^^, A. Renaud^^^, M. Rescigno^^^'^, 
S. Resconi^*'^, B. Resende^^^, P. Reznicek9^ R. Rezvanil5^ R. Richter'^^ 

E. Richter-Was^''^^, M. RideF, M. Rijpstra^°^ M. Rijssenbeek^^^ A. Rimoldi^^^^'i^^'^, 
L. Rinaldi^o^, R.R. Rios^°, I. Riu^^ G. Rivoltella^'^^'S^'' , F. Rizatdinova^^^ E. Rizvi^^, 
S.H. Robertson^^'*^, A. Robichaud-Veronneau^^^, D. Robinson^®, J.E.M. Robinson^^, 

A. Robson^^ J.G. Rocha de Limal°^ C. Roda^22a,i22b^ ^^^^ Santos^o, A. Roe^^, 

S. Roe^o, O. R0hne^i^ S. Rollii^i, A. Romaniouk^s , M. Romano^o^'^ob, G. Romeo^^ 

E. Romero Adam^^?^ ]nj_ Rompotis^^s^ l. Roos^^ E. Ros^^^, S. Rosati^^s^^ k. Rosbach^^, 

A. Rose^^9, M. Rose^^, G.A. Rosenbaum^^s^ g j Rosenberg^^, P.L. Rosendahli"^, 

O. Rosenthal^^i, L. Rosselef^^ V. Rossetti^^ E. Rossii32a,i32b^ L_p RossiSO^^ 

M. Rotaru^s*^, I. Roth^^^^ j Rothberg^^s^ q Rousseau^^^, C.R. Royon^^'^^ a. Rozanov^^, 

Y. Rozen^^^ X. Ruan^S'^'^f, F. Rubbo^^^ I. Rubinskiy'^^^ N. Ruckstuhll°^ V.I. Rud^^ 

C. Rudolph^^, G. Rudolph6\ F. Riihr^, A. Ruiz-Martinez6^ L. Rumyantsev^^ , 

Z. Rurikova^^ N.A. Rusakovich^"^ , J. P. Rutherfoord^, C. Ruwiedel^^'*, P. Ruzicka^^s^ 

Y.F. Ryabov^2i^ Rybar^^e^ q Rybkm"^ N.C. Ryder^^^ A.F. Saavedra^^^, 

I. Sadeh^^^^ H.F-W. Sadrozinski^^?^ ^ Sadykov^^ F. Safai Tehrani^^Sa^ h. Sakamotol^^ 

G. Salamanna■^^ A. Salamon^^Sa^ Saleem^^\ D. Salek^^, D. Salihagic^^ 

A. Salnikov^^^ J. Saltl6^ B.M. Salvachua Ferrando^ D. Salvatore^'^'^'^^b^ p. Salvatore^^^, 
A. Salvucd^o^, A. Salzburger^o, D. Sampsonidis^5^ B.H. Samset^^^ A. Sanchezi02a,i02b^ 
V. Sanchez Martmez^^^^ H. Sandaker^"^, H.G. Sander^i, M.P. Sanders9^ M. Sandhoffl^^ 
T. Sandovaps, C. Sandoval^^^^ R. Sandstroem^^, D.P.C. Sankey^^Q^ a. Sansoni^'^, 

C. Santamarina Rios^^, C. Santoni^^, R. Santonico^^^'''^^^'^, H. Santos^^^"", 
J.G. Saraiva^^'^'', T. Sarangi^''^, E. Sarkisyan-Grinbaum^, F. Sarri^^^'''^^^'^, 

G. Sartisohn^^^ O. Sasaki6^ Y. Sasaki^5^ N. Sasao*^^ I. Satsounkevitch'^°, G. Sauvage^'*, 
E. Sauvan^ J.B. Sauvan"^ P. Savard^^^''^, V. Savinov^^s^ q gavu^^, L. Sawyer^^."^, 

D. H. Saxon^s, J. Saxon^^o, C. Sbarra^o^, A. Sbrizzi^o^'^o^^ d.A. Scannicchio^^^^ 
M. Scarcella^^" , J. Schaarschmidt^^^, P. Schacht^^, D. Schaefer^^'^, U. Schiifer^^, 

S. Schaepe^i, S. SchaetzeF*^, A.C. Schaffer^i^^ D. Schaile9^ R.D. Schamberger^^^^ 
A.G. Schamoyio^ V. Scharf^s^, V.A. Schegelsky^^i , D. Scheirich^^ M. Schernau^^^^ 
M.I. Scherzer^s, C. Schiavi^O'^'SOb^ Schieck^^, M. Schioppa^^^.STb^ g_ Schlenker^o, 

E. Schmidt^^, K. Schmieden^i, C. Schmitt^\ S. Schmitt^^'^ , M. Schmitz^i, B. Schneider^^, 
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U. Schnoor^^, A. Schoening^^^, A.L.S. Schorlemmer^^, M. Schott'^*', D. Schouten-*^^^^, 

J. Schovancova"^^^ , M. Schram^^, C. Schroeder^^, N. Schroer^®'^, M.J. Schultens^"*^, 

J. Schultes^^^ H.-C. Schultz-Coulon^S'^, H. Schulz^s, M. Schumacher'^^ B.A. Schummi37^ 

Ph. Schune^^^, C. Schwanenberger^^ , A. Schwartzman^^'^ , Ph. Schwegler^^ , 

Ph. SchwemHng ''^ , R. Schwienhorst®^, R. Schwierz^^, J. SchwindUng^^^ , T. Schwindt^^, 

M. Schwoerer^, G. Sdolla^s, W.G. Scott^^g^ j Searcyll^ G. Sedov^^^ E. Sedykh^^i, 

S.C. Seideli°3^ A. Seiden^^^, p. Seifert^^, J.M. Seixas^^'^, G. Sekhmaidzei02a^ 

S.J. Sekula^°, K.E. Selbach4^ D.M. Seliverstov^^i ^ ^ Sellden^^^a^ q Sehers^^^ 

M. Seman^^^^, N. Semprini-Cesari^Oa.sob^ q Serfon^s, L. Serini^^^ L. Serkin^^, 

R. Seuster^s, H. Severinii", A. Sfyrla^o, E. Shabahna^^, M. Shamimi^^, L.Y. Shan^s^, 

J.T. Shank22, Q.T. ShaoS^ M. Shapirol^ P.B. Shatalov^s, K. Shaw^'54^'^'54^ 

D. Shermani^s^ P. Sherwood^^ A. Shibatal°^ S. Shimizu^o\ M. Shhnojima^o°, T. Shm^e, 

M. Shiyakova64, A. Shmeleva*^^, M.J. Shochet^^, D. Short^l^ S. Shrestha^^^ E. Shulga'^^ 

M.A. Shupe^ P. Sichoi25^ ^ Sidoti^^s^^ F. Siegert^^ Dj. Sijacki^^a^ Silbert^^^ 

J. Silva^24a^ Y. Silver^s^^ D. Silverstein^''^^ S.B. Silverstein^''^^, V. Simak^^T^ 

O. Simard^'^^, Lj. Simic^^'^, S. Simion^^^, E. Simioni^^, B. Simmons''^, 
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